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The manipulation of waves through artificial materials is an intriguing subject that has been extensively developed over the past decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Through ingenious design, material properties could be extended to unnatural and fascinating regions for acoustic waves, such as negative refraction, [1] [2] [3] [4] subwavelength imaging, [5] [6] [7] [8] acoustic cloaking, [9] [10] [11] [12] extraordinary transmission, [13] [14] [15] [16] [17] and so on. Extending the broadband working range is the current challenge for further developments, and has already attracted intense attentions. For example, simultaneously exciting adjacent multiple modes through complex structures could exceed the bandwidth limit of a single resonant mode. [21] [22] [23] Moreover, quasi-periodic structure could excite multiple diffractions, which could broaden the working frequency range of acoustic asymmetric transmission. 24 Very recently, gradient-index structure was utilized to efficiently inhibit wave reflection to obtain broadband high transmission. 25, 26 Related researches have broad application potentials in subwavelength imaging, asymmetric transmission, 24, 27 broadband sensing, and so on. The broadband properties of acoustic transmission though gratings have already been demonstrated under oblique incidence, which could be explained through effective acoustic impedance matching. 28, 29 However, this phenomenon is very sensitive to large oblique incident angles, limiting further development. Gradient-index structures could also be utilized for broadband antireflection, 25, 26 planar lens, 30, 31 and broadband asymmetric transmission. 27 To achieve gradient-index structures, people have employed the phononic crystals with spatially varying filling fractions. 27, 32 However, to some extent multiple-scattering-based mechanism limits the working frequency region of acoustic waves in phononic crystals.
In this letter, we studied four metal gratings and demonstrated that serrated boundaries lead to broadband transmission enhancement of acoustic waves. Physically the serrated boundary region supplies a gradient transition layer between the air and the grating, effectively reducing the interface reflection. Furthermore, we enlarge the gradient layer by increasing the serrated boundary region, and propose a serrated grating with broadband high transmission for wide range of incident angles. This research may provide some inspiration for gradient structure design, which may be applied in broadband acoustic devices.
Here, we studied four different metal gratings with and without serrated boundaries, which are labeled samples I, II, III, and IV, as shown in Fig. 1 . Then, a beam of acoustic wave is incident on the gratings. As shown in Fig. 1 , samples I and II are metal gratings with smooth boundaries, while samples III and IV are the corresponding gratings with serrated boundaries. Sample I is a vertical smooth grating ( Fig. 1(a1) ), where the period and the width of the slits are d ¼ 5.5 mm and w ¼ 2.5 mm, respectively, and the thickness is h ¼ 20 mm. Sample II is an oblique smooth grating ( Fig. 1(b1) ). The metal strips are stacked under the oblique angle h ¼ 32 o , while the boundary is smooth. Sample III is a vertical serrated grating ( Fig. 1(c1) ), and could be fabricated by adding serrated triangles (1.87 mm height with 58 vertex) to sample I. Sample IV is an oblique serrated grating ( Fig. 1(d1) ), which utilized the same steel strips as sample I but stacked under tilt angle of h ¼ 32 o . The serrated boundary regions of the gratings are relatively small, so these four gratings have nearly the same filling ratio.
The four gratings were fabricated through sequentially stacking steel strips and were immersed in air. Comparing to sample I, the average transmission within the 6-16 mm wavelength range is enhanced (from 0.71 to 0.80) for sample III. The two gratings have nearly the same geometry, except for the thin serrated boundary. However, the Fabry-Perot effect is obviously suppressed for the serrated boundary, leading to broadband transmission enhancement. Similar results could also be obtained for sample II and sample IV. With the serrated boundary in sample IV, the Fabry-Perot effect is suppressed, and the average transmission is obviously enhanced (from 0.61 to 0.80) within the 8-16 mm wavelength range compared to sample II. Moreover, serrated boundary region was found to play a vital role in the broadband enhanced transmission by inhibiting Fabry-Perot interference.
The angular transmission spectra of the four gratings by finite-element simulations are shown in Fig. 2 . Comparing gratings with and without the serrated boundary, the Fabry-Perot effect is weakened, and the averaged transmission within 4-30 mm wavelength range is enhanced for different incident angles (at least 10% enhancement between 0 o h 38 o ). As the incident angle increased, broadband flat transmission could appear at optimal incident angle of h f ffi cos À1 ½ðd À wÞ=d. 28 As all four gratings have nearly the same filling ratio and the serrated boundary is thin enough to be neglected, the broadband flat transmission can be observed at nearly the same optimal angle (63 o ) incidence (shown by the white dotted lines in Fig. 2 ). We found that the serrated boundary and proper incident angle could both suppress the Fabry-Perot effect and enhance the transmission. Compared with tuning the incident angle, the serrated boundary is more suitable for practical applications.
Because the grating periods are less than wavelength of the acoustic waves, we utilized an effective medium theory to characterize the gratings. Taking the gratings as plates, we could achieve the relative effective index n and impedance n from the complex transmission and reflection coefficients for normal incidence, 33 respectively. Here, n ¼ c 0 =c r and n ¼ q r c r =q 0 c 0 , where q 0 and c 0 are the mass density and sound velocity of air, respectively, while q r and c r are the effective mass density and velocity of gratings, respectively. The calculated real part of n and n are shown in Fig. 3 . For samples I and III, ReðnÞ is not sensitive to the wavelength and approximately equals 1, while ReðnÞ has different slopes corresponding to the different impedance ratio and grating transmissions. While for samples II and IV, ReðnÞ is not sensitive to the wavelength, but ReðnÞ is larger than 1 for the slope guide path of acoustic waves. From the ReðnÞ performance, acoustic waves are thought to propagate along the slit directions inside the grating and could be described by zeroorder guided mode, regardless of serrated boundary. To further analyze the serrated boundary effects, we propose an effective medium hypothesis with varying acoustic impedance along the propagation direction. We then perform additional calculations based on the effective medium hypothesis to analyze the broadband enhanced transmission phenomena in serrated gratings. The serrated boundary is thought to supply a gradient layer with varying effective acoustic impedance. To obtain the transmission properties through material interface, we could analyze the normal acoustic impedance ratio between the two materials. For normal incidence, the effective normal acoustic impedance (the ratio of pressure and normal velocity) of air is Z air norm ¼ q 0 c 0 , where q 0 and c 0 are mass density and acoustic velocity of air, respectively. Inside acoustic gratings, the zero-order guided mode is a good approximation for describing acoustic propagation through the gratings. Consequently, acoustic waves are thought to propagate along the slits direction inside the grating regardless of the incident angle.
For gratings, the effective velocity could be set to the constant c r based on above results in Fig. 3 , while the effective mass density equals q 0 d=wðzÞ, where w(z) is the local width of the slits along the propagation direction (z coordinate). Then, the effective normal acoustic impedance of the grating is given as follows:
Based on the above effective medium hypothesis, we can perform analytical calculations on the effective acoustic impedance through the metal gratings (as shown in Fig. 4 ). For sample I, the effective normal acoustic impedance distribution of the air and grating is shown in Fig. 4(b) . The gray regions correspond to the gratings. As shown in Fig. 4(b) , there is a sharp impedance change at the boundary. For sample III, the effective normal acoustic impedance distribution along the z direction is shown in Fig. 4(d) . We find a gradient transition layer at the boundary, where the normal acoustic impedance gradually increased from air to grating. This gradient transition layer is the physical origin of the broadband antireflection.
To further verify the rationality of effective medium hypothesis, we also calculated the transmission spectra and compared them with the simulated results shown in Figs. 4(a) and 4(c). To calculate the transmission spectra based on effective medium hypothesis, we already discussed the effective normal acoustic impedance. In addition, multiple diffractive waves could be excited at the grating boundary, adding an extra phase shift. As a result, the effective thickness of the grating should be h e ¼ h þ DhðxÞ. To simplify the discussion, we set the fitting coefficient h e to be frequency independence. Then, we utilized the transfer matrix method to calculate the transmission spectra. For gradient transition layer, the effective normal acoustic impedance varied continuously. To solve this problem, we divided the gradient transition layer into N thin homogeneous layers. The pressure field in each layer can be expressed as Considering the pressure continuum and velocity continuum conditions, we find H n ðz n Þm n ¼ H nþ1 ðz n Þm nþ1 ðn ¼ 0; 1; 2…N þ 1Þ: (4) Here, H n ðzÞ ¼ expðikz n Þ expðÀikz n Þ expðikz n Þ=Z n ÀexpðÀikz n Þ=Z n ; and
, where z n and Z n are the coordinate and effective normal acoustic impedance of the n-th layer, respectively, and z 0 ¼ 0. Through matrix operation, we obtain
Here, we set p 0 t ¼ 1, and then, the transmittance of the acoustic wave is given by
For sample I, the calculation is simple and the results have already been discussed. 14 As shown in Fig. 4(a) , the calculation result based on effective medium hypothesis agrees well with simulated result in long wavelength region. In the short wavelength region, the deviation increased with shorter wavelengths due to the enhanced diffractive effect. While for sample III, the effective normal acoustic impedance varied continuously in the gradient transition layer as in Fig. 4(c) . The calculations based on effective medium hypothesis agree well with the finite-element simulation.
Unlike sample I, broadband enhanced transmission can be observed in sample III. For samples II and IV, because of the more complex boundary conditions, the frequency independent effective thickness settings could not work very well and are not shown here. However, the gradient transition layer could also explain the broadband enhanced transmission phenomenon. We conclude that our effective acoustic impedance settings are reasonable for vertical serrated gratings. The broadband enhanced transmission phenomena are due to the gradient transition layers.
From the above discussion, we know the gradient transition layer plays an important role in the broadband enhanced transmission. Therefore, we could enlarge the gradient transition layers to obtain a better broadband transmission enhancement. As shown in Fig. 5 , we designed a metal grating by increasing the thickness of the serrated boundary region to one-third of the total thickness without changing the total filling ratio compared to sample I. Broadband high transmission for normal incidence is shown in Fig. 5(a) . The thicker gradient transition layer could slow the acoustic impedance change, inducing a better antireflection effect. Through the angular transmission spectra obtained by finiteelement simulation (Fig. 5(c) ), we found that broadband high transmission could be realized in a large incident angle region (between 0 o h 40 o , the average transmission within the 6-25 mm wavelength range is greater than 0.85). At higher incident angles, broadband high transmission disappeared, and resonant transmission peaks occurred. To explain these phenomena, we could also utilize effective medium hypothesis to analyze the transmission properties.
As discussed above, acoustic waves are thought to propagate along the slit direction inside the grating regardless of the incident angle. Thus, for oblique incidence, the effective normal acoustic impedance of the grating is the same as the normal incidence: Z grating norm ¼ q 0 c r d=wðzÞ. For air, the effective normal acoustic impedance is Z air norm ¼ q 0 c 0 = cos h for incident angle h. The angular effective normal acoustic impedance distribution is shown in Fig. 5(b) . Based on these settings, we could calculate the angular transmission spectra through transfer matrix method shown in Fig. 5(d) . We found good agreement between simulated results and the results calculated through effective acoustic impedance method shown in Figs. 5(c) and 5(d), respectively, which again verified the effective settings. We observed deviations in the short wavelength region and at high incident angles, because of the additional diffractive effects at those conditions. As shown in Fig. 5(b) , for small angle (h < 40 o ) incidence, the gradient boundary layer acts as a good air-to-grating transition layer. The effective normal acoustic impedance of air did not significantly vary with the incident angle in this region. Moreover, the effective normal acoustic impedance distribution varied gradually along the zdirection. As a result, the gradient boundary layer could effectively reduce the reflection at the interfaces inducing angle-insensitive broadband high transmission. On the other hand, for higher angle incidence, the effective normal acoustic impedance of air changed significantly, and sharp changes appeared at the interfaces. These sharp changes of the effective normal acoustic impedance would induce high reflection, resulting in obvious Fabry-Perot resonant transmission. Unlike the samples in Fig. 2 , the serrated boundary here could not be neglected, so the effective normal acoustic impedance matching could not be satisfied, thereafter the broadband high transmission could not happen at large incident angle (as shown in Fig. 5) . Therefore, by increasing the serrated boundary region, we could design a grating with angle-insensitive broadband high transmission, which could be understood by the effective medium hypothesis.
In summary, we studied the acoustic transmission properties of four gratings, and experimentally found that broadband enhanced transmission occurred through serrated gratings for normal incidence. Through the angular transmission spectra obtained by the finite-element simulation, we show that the Fabry-Perot effect and the average transmission could be affected by the serrated boundary within wide incident angles. Furthermore, the effective medium hypothesis was utilized to analyze the broadband enhanced transmission phenomena. The serrated boundary supplies a gradient acoustic impedance distribution, which could effectively reduce the boundary acoustic reflection and enhance the total transmission. Because the serrated boundary plays an important role in transmission enhancement, we proposed a grating with an enlarged serrated boundary region without changing the total filling ratio. Broadband high transmission could be seen for wide range of incident angles. Our studies may have potential applications in acoustic imaging, acoustic cloaking, and acoustic device design.
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